Orally administered Lactobacillus strains, including L. plantarum No.14 and L. rhamnosus GG, reportedly reduce inflammatory cytokine production in mice. The present study tested our idea that circulating exosomes mediate the action of Lactobacillus strains. The lipopolysaccharide-induced production of TNF-α and IL-6 in vitro was attenuated in peritoneal exudate cells (PECs) isolated from C57BL/6N mice that had been fed L. plantarum No.14. When PECs were cultured for 24 h with exosomes isolated from the serum of mice fed L. plantarum No.14 or L. rhamnosus GG, accumulation of both TNF-α and of the corresponding mRNA was lowered. Growth in the presence of these exosomes also decreased the production of TNF-α and IL-6 by the murine macrophage cell line RAW264.7. In contrast, supplementation with exosome-depleted serum of mice fed L. plantarum No.14 or L.
Introduction
Probiotics are live microorganisms that, when administered in adequate amounts, confer a health benefit on the host [1] . To date, human and animal studies have reported that several orally administered bacterial strains, predominantly from the genera Lactobacillus and Bifidobacterium, exert beneficial effects on host health. However, the exact mechanism of action of these bacterial strains still remains unclear. We previously showed that oral administration of Lactobacillus plantarum No.14 reduces white adipocyte size in high-fat diet-induced obese mice [2] . Oral administration of this bacterial strain also has been reported to reduce body fat in healthy human volunteers [3] . In addition, we observed that feeding of L.
plantarum No.14 to KK/Ta mice, an animal model of type 2 diabetes, decreases adiposity and improves insulin sensitivity [4] . Notably, the levels of mRNAs encoding TNF-α, IL-6, and MCP-1 in mesenteric adipose tissue also are reduced in KK/Ta mice fed L. plantarum No.14 [4] . Thus, oral administration of L. plantarum No.14 may ameliorate adipose tissue inflammation, which might in turn improve insulin sensitivity. However, the mechanism by which L. plantarum No.14 affects adiposity and inflammation remains unknown.
Extracellular vesicles (EVs), which consist of a lipid bilayer membrane containing various biomolecules, are released by almost every cell type, and can be detected in the extracellular space and various biological fluids [5, 6] . EVs are known to transport their cargoes, including proteins, mRNAs, and microRNAs (miRNAs), from parental cells to recipient cells; EVs therefore are thought to play a role in regulating physiology and pathophysiology by mediating cell-cell communication [5, 6] . Indeed, EVs isolated from different biological fluids have been reported to modulate immune function [7] [8] [9] [10] . These findings led us to speculate that the health-promoting actions of probiotics are mediated by circulating EVs. The present study tested our idea that the anti-inflammatory action of L. plantarum No.14 is mediated by circulating exosomes, a smaller type of EV that have diameters ranging from 30-100 nm [5, 6] . In addition, we previously demonstrated that adiponectin, an adipocyte-derived anti-inflammatory protein [11] , is partially associated with exosomes in vehicle (PBS) on a daily basis for 7 d. On the last day of dosing, mice were anesthetized using intraperitoneal ketamine and xylazine (80 and 8 mg/kg body weight, respectively) and euthanized by bleeding aseptically by heart puncture. Following clotting, the serum supernatants were obtained by centrifugation and then subjected to exosome isolation as described below. PECs were obtained (as described above) from a separate group of treatment-naïve mice and then subjected to the cell culture experiments described below. In experiment 3, mice were fed the Lactobacillus strains, and exosomes were obtained from sera, as described in experiment 2, and then subjected to the cell culture experiments described below. In experiment 4, mice were fed the standard chow diet and then euthanized, and the serum exosomes were obtained as in experiment 2 and then subjected to PKH67 labeling as described below.
Exosome isolation and PKH67 labeling
Exosomes were isolated from serum samples using the ExoQuick Exosome Precipitation Solution (System Biosciences) according to the manufacturer's instructions. The precipitated exosomes were suspended in a volume of PBS equivalent to that of the original serum sample, and the suspension was then stored at -80 °C until use. This suspension of exosomes was referred to as the 100% exosome fraction. The protein concentration in the exosome fraction was determined by the BCA protein assay (Thermo Scientific) according to the manufacturer's instructions. For fluorescent labeling, a volume of the exosome fraction equivalent to 100 µg of protein was treated with the PKH67 Green Fluorescent Cell Linker Mini Kit (Sigma) according to the manufacturer's instructions, except that the labeled exosomes were separated from the labeling solution by ultrafiltration using a Vivaspin 6 (50-kDa cutoff; Sartorius). For use in control experiments, PBS was also treated in parallel with the exosome suspension. was pooled in each group and then depleted for exosomes. Furthermore, portions of the exosome fraction and serum samples were subjected to ELISA for determination of adiponectin concentration as described below. In experiments 1-3, culture supernatants were subjected to ELISA for determination of TNF-α and IL-6 concentrations as described below.
Cell culture
In experiment 2, cells were subjected to RNA isolation followed by mRNA expression analysis as described below. In experiment 4, PECs and RAW264.7 cells were seeded into each well of 8-well chamber slides at a density of 1 x 10 5 cells/well and cultured overnight.
PECs were cultured in the basal medium, while RAW264.7 cells were cultured in the basal medium supplemented with 10% exosome-depleted FCS. A volume of PKH67-labeled exosomes equivalent to 10 µg of protein (or an equivalent volume of PKH67-treated PBS)
was added to each well, and the cells were further cultured for 24 h. After washing the wells with PBS, the cells were fixed with 4% formaldehyde and then observed under a fluorescent microscope (BX40, Olympus).
ELISA
The concentrations of TNF-α and IL-6 in the culture supernatant of PECs and RAW264.7 cells were determined using TNF alpha Mouse ELISA Kit (eBioscience) and IL-6 Mouse ELISA Kit (eBioscience), respectively, according to the manufacturers' instructions. The concentrations of adiponectin in the serum and exosome fraction were determined using Mouse Adiponectin/Acrp30 DuoSet ELISA (R&D Systems) according to the manufacturer's instructions.
Analysis of mRNA expression
Total RNA was isolated from PECs using a ReliaPrep RNA Cell Miniprep System (Promega) and reverse transcribed to generate first-strand cDNA using a ReverTra Ace qPCR RT kit (Toyobo) according to the manufacturers' instructions. To compare the steady-state levels of mRNAs encoding TNF-α and IL-6, real-time quantitative PCR (RT-qPCR) was performed using GeneAce SYBR qPCR Mix α No ROX (Nippon Gene) with a Thermal
Cycler Dice TP800 (Takara Bio) according to the manufacturer's instructions. The sequences of primers used for RT-qPCR are shown in Supplementary Table 1 . Relative mRNA expression levels for each sample were normalized to that of the transcript encoding β-actin.
Statistical analysis
Results are presented as means and SEM. Mean values were compared among three or more groups by using a one-way analysis of variance (ANOVA) with a post-hoc Dunnett's multiple comparison test if significance was indicated. Data were analyzed using GraphPad Prism for Macintosh (version 6, GraphPad Software). P values <0.05 were considered to indicate statistical significance.
Results

Feeding L. plantarum No.14 decreases cytokine production in murine PECs (exp. 1)
To test whether feeding Lactobacillus strains affects inflammatory cytokine production, PECs were isolated from mice and then incubated with or without LPS (Fig. 1A) . The concentrations of TNF-α and IL-6 in the culture supernatants of PECs were significantly higher in the LPS-treated cells than in untreated cells ( Fig. 1B and 1C) . When the PECs were treated with LPS, TNF-α concentrations in the culture supernatants were significantly lower in the PECs from mice fed L. plantarum type strain or No.14 than in those from mice fed vehicle; TNF-α concentrations in the culture supernatants were also significantly lower in the PECs from mice fed L. plantarum No.14 than in those from mice fed L. plantarum type strain (Fig. 1B) . The IL-6 concentrations were significantly lower in the PECs from mice fed L.
plantarum No.14 than in those from mice fed vehicle or from mice fed L. plantarum type strain, whereas the concentrations were higher in the PECs from mice fed L. plantarum type strain than in those from mice fed vehicle (Fig. 1C) .
Exosomes isolated from sera of mice fed L. plantarum No.14 and L. rhamnosus GG decrease cytokine production in murine PECs (exp. 2)
To test whether exosomes isolated from the sera of mice fed Lactobacillus strains affect inflammatory cytokine production, exosomes isolated from mice fed Lactobacillus strains were used to supplement the culture medium used for growing PECs isolated from other mice ( Fig. 2A) Fig. 2B and 2C) . Although the IL-6 concentrations in the culture supernatant of PECs supplemented with exosomes from mice fed L. plantarum No.14 did not differ significantly from those of mice fed vehicle or L. plantarum type strain (Fig. 2D) , the Il6 mRNA levels were significantly lower in the PECs supplemented with exosomes from mice fed L.
plantarum No.14 than in those from mice fed vehicle or L. plantarum type strain (Fig. 2E) .
The TNF-α concentrations in the culture supernatant were significantly higher in the PECs supplemented with exosomes from mice fed L. plantarum type strain than in those from mice fed vehicle, whereas there was no significant difference in the Tnf mRNA levels, IL-6 concentrations, or Il6 mRNA levels between the PECs supplemented with exosomes from mice fed vehicle and with exosomes from mice fed with L. plantarum type strain. The PECs supplemented with exosomes from mice fed L. rhamnosus GG showed significantly lower concentrations of TNF-α and IL-6 and of the respective mRNAs than PECs supplemented with exosomes from mice fed vehicle or L. plantarum type strain. No significant differences were found in any of these parameters between the PECs supplemented with exosomes from mice fed vehicle and PECs lacking exosome supplementation (data not shown).
Exosomes isolated from sera of mice fed L. plantarum No.14 and L. rhamnosus GG decreases cytokine production in murine macrophage cell line RAW264.7 (exp. 3)
To test whether exosomes isolated from the sera of mice fed Lactobacillus strains affect inflammatory cytokine production, the culture medium of murine macrophage cell line RAW264.7 was supplemented with exosomes ( Fig. 3A) . Upon LPS stimulation, both the TNF-α and IL-6 concentrations in the culture supernatant were significantly lower in the cells supplemented with exosomes from mice fed L. plantarum No.14 or L. rhamnosus GG than in those from mice fed vehicle or L. plantarum type strain ( Fig. 3B and 3C ). There was no significant difference in the TNF-α and IL-6 concentrations between the cells supplemented with exosomes from mice fed vehicle and L. plantarum type strain. No significant difference was found in the TNF-α and IL-6 concentrations between the cells supplemented with exosomes from mice fed vehicle and without exosome supplementation (data not shown). The TNF-α and IL-6 concentrations did not significantly differ among the cells supplemented with exosome-depleted serum prepared from mice fed different Lactobacillus strains or vehicle ( Fig. 3D and 3E) . There was no significant difference in the adiponectin concentrations in the serum and exosome fractions between mice fed different Lactobacillus strains or vehicle (Supplementary Table 2 ).
Exosomes isolated from murine serum are incorporated into murine PECs and RAW264.7 cells (exp. 4)
To test whether exosomes isolated from murine serum were incorporated into macrophages, the culture media of PECs and RAW264.7 cells were supplemented with PKH67-labeled exosomes (Fig. 4A) . The PKH67 signal was observed in the PECs grown in medium supplemented with PKH67-labeled exosomes, whereas no signal was observed in cells grown in medium supplemented with PBS that had nominally been labeled with PKH67 (Fig. 4B) .
Likewise, the RAW264.7 cells grown in medium supplemented with PKH67-labeled exosomes showed a positive fluorescent signal, whereas the cells grown in medium supplemented with PKH67-treated PBS showed no signal (Fig. 4C) .
Discussion
The present study showed that the oral administration of L. plantarum No.14 in C57BL/6N mice resulted in a decrease of LPS-induced production of TNF-α and IL-6 in PECs in vitro.
These data were consistent with the results of our previous study, in which we demonstrated that oral administration of L. plantarum No.14 yielded decreased levels of mRNA encoding TNF-α, IL-6 and MCP-1 in the mesenteric adipose tissue of obese KK/Ta mice [4] . Together, these results suggest that orally administered L. plantarum No.14 exerts anti-inflammatory activity in mice. To test whether this action is mediated by circulating exosomes, we isolated the exosomes from mouse serum and used the exosomal fraction to supplement the medium of PECs isolated from other mice. We found that the exosomes isolated from mice fed L.
plantarum No.14 attenuated the LPS-induced accumulation of TNF-α and the TNF-α-encoding transcript in the PECs; the effects on IL-6 expression were ambiguous.
TNF-α and IL-6 production were also attenuated in the RAW264.7 cells grown in medium supplemented with exosomes isolated from mice fed L. plantarum No.14. These findings suggest that the anti-inflammatory action of orally administered L. plantarum No.14 is mediated, at least in part, by circulating exosomes. Given that exosome-depleted serum failed to alter the production of TNF-α and IL-6 in RAW264.7 cells, we infer that exosomes may play a major role in mediating the action of orally administered Lactobacillus strains.
Probiotic action is generally thought to be strain-but not species-dependent. Indeed, we found that oral administration of L. plantarum type strain, or cell growth in medium supplemented with exosomes isolated from mice fed the type strain, failed to reduce the production of rhamnosus GG on the production of inflammatory cytokines observed in the present study, it is conceivable that the circulating exosomes might contribute to the anti-inflammatory action of L. rhamnosus GG observed in the previous studies.
Adiponectin is a circulating protein with anti-inflammatory activity [11] . Given the previous demonstration that adiponectin is partially associated with exosomes in murine serum [12] , we speculated that adiponectin is responsible for the anti-inflammatory activity of exosomes.
However, we found no difference in adiponectin concentration, in either serum and exosome fractions, when comparing between mice fed Lactobacillus strains and those fed vehicle.
Therefore, it seems unlikely that adiponectin contributes to the action of exosomes.
Circulating exosomes are the sum of the exosomes released from almost every cell type.
Considering that intestinal epithelial cells are directly exposed to gut microbiota, the exosomes released from these epithelial cells may mediate the action of orally administered Lactobacillus strains. Indeed, intestinal epithelial cells have been reported to release exosomes that contribute to immune tolerance induction [7] . It also has been reported that gut microbiota influences the murine cecal expression signature of miRNAs [17] , a type of exosome cargo. Thus, it seems likely that commensal bacteria, along with orally administered bacterial strains, influence the expression of exosome cargoes in intestinal epithelial cells, in turn altering the function of circulating exosomes. It will be of interest to determine whether exosomes released from intestinal epithelial cells cultured with microbial constituents and metabolites affect inflammatory cytokine production by macrophages.
The mechanism by which exosomes affect cytokine production in macrophages remains unclear. Chow et al. showed that breast cancer-derived exosomes are incorporated into macrophages and then activate NF-κB signaling in vitro and in vivo [18] . Those authors also found that proteins present on the surface of exosomes contribute to this activity [18] . Moon et al. demonstrated that caspase 3 encapsulated in exosomes derived from lung epithelial cells promotes cytokine production in macrophages via the ROCK1 pathway [19] . We found that exosomes isolated from murine serum are incorporated into PECs and RAW264.7 cells, suggesting that exosome cargoes such as surface and internal proteins and miRNAs may affect inflammatory signaling inside the recipient cells such as macrophages.
In conclusion, we demonstrated that exosomes isolated from the sera of mice fed L.
plantarum No.14 or L. rhamnosus GG reduce inflammatory cytokine production in macrophages in vitro. We therefore propose that the anti-inflammatory activity of orally administered L. plantarum No.14 and L. rhamnosus GG is mediated, at least in part, by circulating exosomes. 
